Three-dimensional computer simulations evolving 0(10 5 ) gravitating particles representing stars have been used for several years to model spirals, warps and other features of interacting galaxies (Toomre & Toomre 1972; Barnes & Hernquist 1993) . Accurate models for the case when at least one of the interacting galaxies contains a thin disc, as in the Milky Way, require a sufficiently large number of particles that two-body relaxation effects do not increase the stellar velocity dispersion and thicken the disc artificially, and they require a sufficiently large number of time-steps that both the inner and outer regions of the disc, which have angular velocities differing by three or more orders of magnitude, are properly integrated. Such models are a challenge for computational astronomy.
Here we report the results of a modelling study of the interaction between the dwarf galaxy in Sagittarius (!bata, Gilmore & Irwin 1994 ) and the Milky Way Galaxy. The calculation used the parallel hashed oct tree N-body code developed by Warren & Salmon (1995) , running on up to 128 nodes of the IBM Scalable POWERparallel massively parallel computer system at the Watson Research Center. We determine the likely orbit for the dwarf and reproduce its observed features, representing the dwarf using varying numbers of particles to understand different aspects of the encounter. We also discuss the reaction of the disc to the collision and the degree of tidal destruction of the dwarf. We represent the disc with 40 000 interacting particles to model accurately the effect of dynamical friction on the orbit and internal dynamics of the dwarf (Wahde & Donner 1996) . Numerical studies of the Sagittarius dwarf orbit using a static Milky Way model were also discussed by Johnston, Spergel & Hernquist (1995) and Velazquez & White (1995) .
The ~ 10 Gyr old stellar population discovered by Ibata et al. (1994) appears to be the ninth dwarf spheroidal (dSph) found orbiting the Milky Way (Mateo et al. 1995a; Mateo et al. 1995b ). The globular cluster NGC 6715 (M54) is colocated with the field and may be the nucleus of the dwarf galaxy, although the metallicities and colours are not the same (Bassino & Muzzio 1995; Sarajedini & Layden 1995; Da Costa & Armandroff 1995) . The Arp 2, Terzan 7 and Terzan 8 globular clusters also may be associated with the Sagittarius dwarf galaxy, and the entire system may be massive and extended enough to be considered a dwarf irregular galaxy (lbata, Gilmore & Irwin 1995) , despite its low H I content (Koribalski, Johnston & Otrupcek 1994) .
NUMERICAL METHOD
The simulations were performed using a parallel implementation of an O(N) N-body algorithm developed by Warren & Salmon from earlier work on force calculations using hierarchical structures by Appel (1985) , Jernigan & Porter (1989) and Barnes & Hut (1986) . Instead of directly summing the forces of the particles, which requires O(JVZ) operations, the masses are embedded into a hierarchical oct-tree data structure and the forces calculated from multipole moment approximations of the mass distribution. From a user-specified error tolerance for the force calculations, the algorithm calculates the interactions of clusters of masses at the depth in the tree necessary to obtain the required accuracy. The 'multipole acceptability criterion' is based upon geometric considerations about the size of the cluster relative to the position of the body whose acceleration is under consideration.
The velocities and positions of the particles then are updated and the process repeated to evolve the system. An extremely short time-step was chosen so that the inner part of the disc meets the Courant conditions, necessitating 0(10 4 ) time-steps for each set of model parameters. This also provides an accurate model of the internal motions of the dwarf galaxy.
ASTROPHYSICAL MODEL
The Milky Way initially was modelled with particles representing stars in three active components: halo, disc and bulge. The halo density distribution was of the form 1/[1 + (r/rh)2], the disc density distribution was of the form e-rlrd-lzlIH, and the bulge density distribution was of the form 1/[1 + (,2/,~)f/2 for radius, and scalelengths 'h' rd, H and 'b' The units are normalized so that the gravitational constant G and the total galaxy mass are equal to unity. Then the length and relative mass-scales were chosen to reproduce the Milky Way rotation curve (Merrifield 1992 ).
This gives 'h = 3.75 kpc, 'd = 5.00 kpc and ' b = 0.625 kpc (Gilmore, King & van der Kruit 1989) , and it gives halo, disc and bulge masses in the proportion 0.75:0.20:0.05. The stellar scaleheight initially was set equal to the constant H = 0.25 kpc, following Bottema (1993) . The halo particles each represent eight times the mass of the disc, bulge and dwarf particles to decrease the computational requirements.
The Sagittarius dwarf galaxy (lbata et al. 1994 ) was modelled by another initially spherical density distribution, 1/[1 + (r2/r~) f12, for a scalelength of r dw = 1.25 and a relative mass of Mdw = 0.0008. The small mass of the dwarf was represented by 159, 789 or 1589 particles in separate simulations designed to explore different issues. The smaller number of dwarf particles balanced the requirement to keep the model computationally tractable while maintaining the dwarf particle masses equal to the galaxy masses in order to accurately represent dwarf star heating by interactions with the disc. The larger number of dwarf particles, each of 1/10 of the mass of a disc particle, allowed us to obtain better statistical accuracy for the ratio of axes in the halo of the dwarf. The degree of self-gravitational binding of the dwarf before the interaction was adjusted by varying the initial dispersion of its stars, from 0.25(M~rdW)I12 to 0.75(M~ 'dw)1!2, in various cases. After this set-up, the dwarf quickly relaxed to an equilibrium sphere.
The initial velocities for all of the particles in the main galaxy were determined from the initial gravitational accelerations that followed from the density distribution. The acceleration on each particle first was calculated using the treecode potential solver, and then these individual accelerations were multiplied by the particle radius to obtain the equilibrium circular velocities. The initial velocities were set equal to the vector sum of these initial circular velocities; the disc velocity also was corrected for pressure terms from the circular disc speed (Binney & Tremaine 1987 ) and a random dispersion added. The random, in-plane velocities for the disc stars were set to 3QU/K, where U is the disc surface density, K is the disc epicyclic frequency speed and Q = 2.5 is the Toomre stability parameter for stars (Bottema 1993) . The dispersion velocity for the perpendicular direction was set to half the value used for the components in the plane (Ida, Kokubo & Makino 1993) . In this way, a stable initial galaxy and dwarf could be built entirely from density distributions that are typical for real galaxies.
The initial orbit of the dwarf galaxy, including its initial position, direction and speed of motion, had to be determined by running the interaction model many times in order to match the observed current position and line-ofsight velocity of the Sagittarius dwarf galaxy. The most efficient procedure to estimate the initial conditions was to run the simulation backwards from the currently observed state of the dwarf. We used the position, radial velocity and proper motion from Irwin et al. (1996) in one model, in which the dwarf is now approaching the plane at 2.1 ± 0.7 mas yr-l and just about to hit it, and we used the position and radial velocity alone in another model in which the dwarf has already hit the plane (this model would give proper motions opposite to the observed value and is not considered to be realistic). The initial orbit of the model dwarf is in the plane containing the Sun and the Galactic Centre; this would place the current dwarf position near a Galactic longitude of 1=0°. Because the entire system is rotationally symmetric, the required orbital parameters for this model are approximately the same as for the observed 1= 5° case. This procedure for generating the initial conditions of the simulation ignores previous orbits and any dwarf galaxy dispersal that may have occurred prior to the initial time-step. A full simulation of the entire history of the Sagittarius dwarf leading to the current observational parameters is beyond our capabilities at this time.
RESULTS
The best-fitting initial conditions for the two orbits that reproduce the pre-and post-collision encounters will be called cases 1 and 2, respectively. The position and velocity parameters stated below are the values from the encounter with equal dwarf and disc particle masses. The parameters for the encounter with low-mass dwarf particles are nearly identical.
Case 1 gives the observed position and line-of-sight speed for the Sagittarius dwarf in the configuration when it has not yet hit the Milky Way disc (i.e., the dwarf, currently below the Milky Way plane, is moving upward from negative Galactic latitudes). The initial trajectory of the dwarf in a plane perpendicular to the disc and intersecting the Galactic Centre passes through (/, b) = (180°, 48~9) at a radius of 35.5 kpc from the Galactic Centre with a velocity of 142 km s -1 and an angle relative to the normal to the disc of 150° (i.e., in the direction of the anticentre, towards the plane). The initial dispersion of the dwarf stars is O.5(M dw/r dS!2. At the time-step that best matches the parameters observed for the dwarf, in this case just about to cross the disc, it has the position and velocity relative to the Galactic Centre of (x,y, (Ibata et al. 1994; Irwin et al. 1996) , considering the intrinsic inaccuracy from particle noise in the model. Case 2 gives the observed dwarf galaxy parameters in the configuration where it has already passed through the disc (then the dwarf is moving down from positive Galactic latitudes). The initial trajectory ofthe dwarf in a plane perpendicular to the disc and intersecting the Galactic Centre passes through (/, b) = (180°, 49~ 4) at a radius of 79.9 kpc from the Galactic Centre, with a velocity of 172 km S-1 and an angle relative to the normal to the disc of 20° (Le., in the direction of the Galactic Centre, pointing away from the plane). The initial dispersion of the dwarf stars is 0.25(MdJ r dw)I!2, which is smaller than in case 1 in order to produce the same dwarf core radius at the present epoch. At the timestep that best matches the parameters observed for the dwarf (all but the proper motion), it has position and velocity (x, y, z) = (-16.2, 0, -7.30) kpc and (vx, v Y ' vz) = ( -65.0, 0, -400) km S -1. Thus, in this second case, the distance between the dwarf and the Sun is 25.8 kpc, the Galactic coordinates of the core of the dwarf are (/, b) = (0~5, -16~5), and the line-of-sight velocity of the dwarf relative to the solar neighbourhood is Vr = 170 km s -1. The proper motion now is 3.0 mas yr-l away from the plane, toward negative b.
Figs l(a) and (b) show a series of time-steps for cases 1 and 2, respectively, with the enhanced number of dwarf particles. The halo is not plotted.
© 1997 RAS, MNRAS 290, 7-14 Fig. 2 shows the particle positions in thexz-plane at timesteps close to the current epoch in the interaction for cases 1 (top) and 2 (bottom). Fig. 3 shows the same particle positions in the yz-plane, which is similar to the perspective of an earthbound observer, for small b.
In the first case, the Gaussian-fitted dispersions of all of the dwarf star positions within ± 25°, ± 15° and ± 14° in latitude of the centroid position encompass sizes of (Ay, Az) = (0.85, 2.8), (0.74, 1.5) and (0.62, 0.53), which corresponds to angular sizes of (At, Ab) = (2~1, 6~8), (1~8, 3~7) and (1 ~5, 1 ~3) for axial ratios of 3.2:1,2.1:1 and 0.9:1.
In the second case, these sizes are (Ay, Az) = (0.50, 1.8), 
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_~~ifi.';"""'i"~"'" Figure 2 . Particle plots for case 1 (top) in which the dwarf, moving upward, is just about to collide with the disc, and case 2 (bottom) in which the dwarf, moving downward, has already collided with the disc, both corresponding to the observations at the current epoch.
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: " ~. Evidently, the core of the dwarf is more compressed than the halo perpendicular to the plane in both cases. The halo is more elongated relative to the width of the dwarf if it already passed through the plane (case 2). The compressed core and elongated halo are consistent with the observations in both cases. Many simulations of dwarf elongation with various orbits confirmed this general result. The core compression before the collision is the result of the compressive tidal force from the disc which has a perpendicular acceleration that increases with height at close range. The relative elongation of both the core and the halo after the collision is the result of dwarf star heating in the perpendicular direction due to the rapid change in tidal force experienced during disc crossing (Spitzer & Chevalier 1973) . The dwarf haloes in both simulations extend far beyond the observed extent of the stellar overabundance Ibata et al. 1995) .
An important observational constraint on the dwarf orbit is the velocity gradient with Galactic latitude. Fig. 4 plots the predicted observed radial velocity from the perspective of an observer in the Solar neighbourhood as a function of Galactic latitude. Both cases reproduce the small velocity gradient observed for the core region by Ibata et al. (1995) . For the preferred case 1, we predict a radial velocity that slightly decreases with increasing angular distance from the core. The duplicity in velocity at negative Galactic latitude results from a lateral expansion of the dwarf tail around an average line-of-sight orbital velocity that is near zero. The predicted proper motion of stars near b = -90° is ~ 5 mas yC 1 toward the Galactic Centre. This information may help locate other Sagittarius dwarf stars strung out along the same orbit.
Note that the dwarf stars in case 1 are spread out over a large distance in an orbit more parallel to the plane than in case 2, in order to produce a positive heliocentric radial velocity while still approaching the plane. The stars in case 2 move more perpendicular to the disc because most of their positive velocity derives from motion away from the plane at this epoch. Fig. 1 shows that the elongated core flips over each time it crosses the plane. The dwarf continues to rotate as it recedes from the galaxy with the halo also gaining rotation. The axis of induced dwarf rotation is parallel to the plane and in the direction of r x v for a radial vector from the Galactic Centre r and a velocity vector v. This means that the tidally induced element of the dwarf spin vector is in the direction of negative longitude for case 1 (because v is towards positive latitude) and positive longitude for case 2.
Velocity gradients in the dwarf should be relatively easy to observe but should be corrected for compressive and expansive motions before being converted into rotation (i.e., the apparent velocity gradient in Fig. 4 includes a combination of rotation, expansion, compression and pro-jection effects). The velocity gradient and dispersion for the preferred model is consistent with an association between the Sagittarius dwarf and the observationally projected globular clusters NGC 6715, Terzan 7, Terzan 8 and Arp 2 (Ibata et al. 1995; Da Costa & Armandroff 1995) .
The stellar disc of the Milky Way shows negligable effect from the interaction. We noticed no gaps, shells, holes or spirals in the disc stars before or after the penetration of the disc by the dwarf. This is not surprising, considering the relatively small mass of the dwarf companion and the large Q of the stellar disc; presumably the gas in both the Milky Way and the dwarf would show a far greater disturbance (see below). The dwarf does gain a slight azimuthal velocity kick of a few kilometers per second as it passes through the disc. The disc also generated no strong spirals on its own because of the relatively large Q parameter and the lack of gas.
The models best matching the position and velocity were tested with various values for the internal velocity dispersion of the dwarf. Higher velocity dispersions decreased the binding and increased the size of both the core and the halo of the dwarf, but changed the overall evolution of the encounter only slightly.
There is some interest in speculating about the future of the Sagittarius dwarf galaxy. Ibata et al. (1994) suggested that because of the observed elongation in the direction of Galactic latitude, the dwarf is probably suffering from some tidal disruption. We confirm this by noting that the more remote stars in the dwarf, those that contribute most strongly to the large axial ratio at large dwarf radii, are indeed unbound, many drifting off to larger and larger relative radii with time. A dwarf model evolved in isolation does not lose its halo particles in the time interval equivalent to that of the disc-crossing models.
We checked the apparent state of self-gravitational binding by plotting the quantity 2 , ;
as a function of Galactocentric radius 'i for all of the dwarf stars, i, with centre of mass ' 0 and mean velocity Vo; l/I i is the total gravitational potential energy of particle i. This quantity is analogous to the Jacobi integral for the restricted three-body problem. A bound cluster has a positive curvature in this quantity, mapping out the potential well in which the cluster stars are trapped. The result for the dwarf in case 2, plotted in Fig. 5 using data for the enhanced number of dwarf particles, indicates that most of the stars in the dwarf are still bound locally to the centre of mass of the dwarf, which is approximately at the mid-radius of the dense cluster of points. The particles in models with higher initial dwarf velocity dispersions continue to co-move long after the encounter but do not show the same strong binding. Figure 5 . The Jacobi integral, Ji = V, -21/1, -r;/r~('o x VO)2, is shown as a function of distance r from the centre of the main galaxy for each particle in the dwarf galaxy with enhanced particle count. The time series for case 2 corresponds to the frames in Fig. 1 . The positive curvature of this plotted quantity indicates that most of the particles, particularly those near the centre of the dwarf, are still gravitationally bound to the centre of mass of the dwarf at early and late times. The strong background tidal force field from the galaxy at the close approach is evident from the large slope of the plotted points in the centre frames. Figure 6 . The Jacobi integral as in the previous showing pre-collision case 1 at the current epoch.
The tidal detachment of the dwarf halo from the dwarf core suggests that the dark matter stripped from the dwarf halo should become distended, forming a tube centred on the dwarf orbit. This dark matter should continue to impact the Milky Way disc for an extended period after the initial collision, possibly generating important observational consequences, especially in the gas.
Much of the gas in the dwarf before the collision should be stripped as the dwarf passes through the disc plane. This implies that if the Sagittarius dwarf core is currently bound, then less than half of its former mass could have been composed of gas. This, in tum, places strong limitations on the nature of dark matter in the dwarf because dwarfs tend to have dark matter fractions of much larger than one half (Jobin & Carignan 1990) . The lack of low-density gas in the dwarf (Koribalski et al. 19?4) alsQ would suggest that at least one disc collision already has occurred, as implied by both models studied here.
The next disc crossing in case 1, and the most recent previous disc crossing in case 2, occurred in the simulations at times of 35 Myr in the future and 17 Myr in the past, respectively. Considering the true position of the Sagittarius dwarf, rather than the model position, the location of this adjacent disc crossing is at Galactic longitude I ~ 2° on the far side of the disc from the Sun. With a uniform rotation of 220 km s -1, this position is currently at a Galactic longitude of ~ 10° -12° in case 1 and at I ~ -8° in case 2. In case 1, the collision has not occurred yet, but in case 2 one would expect a 17 Myr old shell extending ~ 1 ° in diameter in the mid-plane at longitude ~ -8°. The Burton (1985) neutral hydrogen survey does show a strong feature at velocities extending to between 80 and 120 km s -1 and latitudes between -10° and -15° for longitudes between 350° and 13°. This is a large region of disturbed H I that covers the area and nearly the velocity of the Sagittarius dwarf halo found in these simulations. It could be: (1) a remnant of the recent collision in case 2; (2) a remnant of a recent collision with a gas cloud along the orbit of the dwarf in case 1, or (3) the first signs of the impending disc collision in case 1, for which some stars have already crossed the plane (cf. Fig.   2 ).
The previous collision with the disc in case 1 occurred on the anticentre side of the Galaxy at a time ~ 1.7 x 10 8 yr in the past, and at a Galactocentric radius of ~ 27 kpc. This position has since moved to the Galactic longitude I ~ 90° and Solarcentric distance ~ 27 kpc. Perhaps some remnant of it remains in the form of disturbed gas or an evolved star cluster.
CONCLUSION
The dwarf galaxy recently discovered in Sagittarius was modelled using a three-dimensional hierarchical N-body code. The preferred model matches the position, size, shape, velocity, proper motion and velocity gradient of the Sagittarius dwarf. In this model, the dwarf will collide with the Galactic plane near its current position in 35 Myr, and it previously collided with the plane ~ 1.7 x 10 8 yr ago in the anticentre direction, at a Galactocentric distance of ~ 27 kpc. The current position of this previous disc crossing is at I ~ 90° and D ~ 27 kpc. Each disc crossing temporarily flattens the core and permanently stretches the halo of the dwarf. Perhaps a quarter of the original dwarf stars should now be stretched out in an arc centred on the Galaxy with positions and velocities along the arc predicted by the model.
The globular clusters NGC 6715, Terzan 7, Terzan 8 and Arp 2 appear to lie in or close to this arc, suggesting that they formerly were associated with the Sagittarius dwarf core but have since become detached during disc crossing. Since galaxy interactions seem to make globular clusters (e.g., Whitmore & Schweizer 1995) , it is possible that these associated globulars were made during the earliest disc crossings, when the Sagittarius dwarf still had gas. Considering the high age of these clusters, this would imply that the Sagittarius dwarf has been orbiting the Milky Way for a long time.
